Interfacial fluxes, that is, gas exchange at the water-atmosphere interface and benthic fluxes at the sediment-water interface, are often parameterized in terms of wind speed or turbulent friction velocity, with numerous empirical relationships obtained from individual experiments. The present study attempts to combine the general outcome of such experiments at both interfaces into a universal scaling relation for the thicknesses of the viscous and diffusive sublayers in terms of the Kolmogorov and Batchelor length scales, respectively. Transfer velocities can then be described in terms of the Schmidt number of the respective tracer and in terms of the turbulence dissipation rate. Applying law-of-the-wall scaling to convert dissipation rates into an appropriate friction velocity estimate results in a mechanistic description of the transfer velocity, which is comparable to common empirical parameterizations. It is hypothesized, however, that the dissipation rate and hence the directly estimated level of turbulence provide a more appropriate variable for the parameterization of interfacial fluxes than wind speed or turbulent friction velocity inferred from law-of-the-wall scaling.
Introduction
The physical transport of mass, such as dissolved gases, and heat across the sediment-water and wateratmosphere interfaces is governed by the interplay of exchange processes within an hierarchal structure of sublayers: the turbulent boundary layer, the viscous sublayer, and the diffusive sublayer.
Within the turbulent boundary layer, the level of turbulence usually increases by several orders of magnitude toward the interface. This turbulence is generated by bottom friction in the bottom boundary layers of the atmosphere and the water column, or by wind shear in the surface layer of lakes or oceans. Typical turbulent boundary layer heights range from several meters to several tens or hundreds of meters in lakes and oceans, respectively, and several hundreds of meters to kilometers in the atmosphere. Under certain conditions these layers can be described by law-of-the-wall theory (assuming a constant stress layer) in terms of a friction velocity u * and a roughness length z 0 or an equivalent drag coefficient C D , resulting in a reciprocal relationship between the turbulence dissipation rate and the distance from the interface z,
where is the von Kármán constant ( Ϸ 0.41). Significant deviations from the law-of-the-wall scaling of boundary layer turbulence can occur either under convective conditions OcampoTorres et al. 1994; Schimpf et al. 2002; Shay and Gregg 1986) , in the presence of (breaking) surface waves (Anis and Moum 1995; Wüest and Lorke 2003) or under non-steady-state conditions, such as in oscillating boundary layers (Lorke et al. 2002; Mellor 2002) .
While approaching the interface at scales at which viscous forces are important, turbulent motions become increasingly damped and a viscous sublayer develops with molecular viscosity as the dominating momentum transport mechanism. Viscous sublayers at the seafloor were observed by Chriss and Caldwell (1984) , who found the following scaling relation for the height of the viscous sublayer ␦ in terms of the friction velocity from the turbulent boundary layer above:
Although turbulent diffusion is damped within the viscous sublayer, the rate of strain of scalar tracer concentration fields creates enhanced concentration gradients, which increase transport by molecular diffusion. Thus, mixing rates of scalar tracers are still enhanced in the viscous sublayer and measured concentration profiles are usually well mixed up to a certain distance from the interface, where molecular diffusion overcomes the regeneration of concentration gradients by viscous straining. At this point, a diffusive sublayer develops with a linear concentration gradient up to the actual interface and the sublayer thickness controls the overall fluxes of mass or heat. The general structure of the boundary layers, including the viscous and diffusive sublayers, is depicted in Fig. 1 .
According to the outline above, the height of the diffusive boundary layer ␦ D should depend not only on the level of turbulence in the turbulent boundary layer but also on the viscosity of the medium (air or water) and the molecular diffusivity D of the respective tracer. The dependence of ␦ D on turbulence can be described, for example, by u * , while the dependence of ␦ D on viscosity and molecular diffusivity can be expressed by the Schmidt number Sc (Sc ϭ /D). Direct measurements of diffusive sublayers at the sediment-water interface revealed a relationship of the form
(Hondzo 1998) with the Schmidt number exponents n between 1 ⁄2 and 1 ⁄3. The diffusive sublayer forms the major bottleneck for the transport of mass or heat, and the respective flux J can be estimated by Fick's law,
with C ␦D and C 0 denoting the concentrations at the top of the diffusive sublayer and at the interface, respectively, and k denoting the mass transfer coefficient or the transfer velocity. Assuming that the concentration is constant within the viscous sublayer and within the turbulent boundary layer, C ␦D corresponds to the concentration measured in the far-field C ϱ .
The entire boundary layer structure is mirrored at the air-water interface, and diffusive sublayers exist at the air side as well as at the water side of the interface: the respective Schmidt numbers, the level of turbulence (e.g., u * ), and the associated layer and sublayer heights may differ considerably on the two sides. The overall flux across the air-water interface can be calculated by 
where K is the dimensionless Henry coefficient. The mass transfer coefficients k have to be calculated based on the respective position on the air and water side. Depending on the Henry coefficient and the Schmidt number of the scalar tracer under consideration, however, the overall flux is predominately determined by one side in most cases (Jähne and Haußecker 1998) . Much effort has been spent during the last decades in order to describe k as a function of Sc and u * , and the general outcome of laboratory and field experiments in lakes and oceans using different measurement techniques for a variety of different tracers (e.g., dissolved gases and heat) converges toward the following relationship: Boudreau 2001; Donelan and Wanninkhof 2002; Jähne et al. 1987; Wanninkhof 1992; Wu 1996) . Interestingly, this empirically obtained relationship holds for air-sideand for water-side-controlled surface fluxes as well as for sediment-water fluxes. Experimentally estimated parameters ␤ and n in Eq. (6) A number of mechanistic models for air-sea gas exchange were developed [see Frost and Upstill-Goddard (1999) for a review], one of the most successful of which is the boundary layer model by Deacon (1977) , with subsequent modifications. Based on the turbulent boundary layer description at a smooth wall of Reichardt (1951) , Deacon (1977) derived the following expression for the gas transfer velocity:
Observations, however, suggest that the Schmidt number exponent changes to Ϫ1/2 for wind speeds greater than ϳ5 m s Ϫ1 (Jähne et al. 1987) . It is interesting to note that Dade (1993) derived exactly the same expression as Eq. (7) (with a factor of 0.1 instead of 0.082) for sediment-water transfer velocities.
The friction velocity u * , however, can only be an appropriate parameter for estimating interfacial fluxes under the idealized condition of a local equilibrium between the production and dissipation of turbulent kinetic energy in boundary-layer shear flow. Non-steadystate conditions or the additional production of turbulent kinetic energy by convective motions or wave breaking are disregarded. Therefore, attempts have been made to describe the gas transfer velocity in terms of the dissipation rate of turbulent kinetic energy directly (e.g., Kitaigorodskii 1984; Lamont and Scott 1970; MacIntyre et al. 1995) . The eddy cell model of gas transfer at the air-sea interface presented by Lamont and Scott (1970) results in a scaling relation of the form
Several laboratory (Asher and Pankow 1986; Dickey et al. 1984) and field (Zappa et al. 2003 ) measurements of near-surface turbulence and gas transfer velocities have been shown to agree well with this relationship. Kitaigorodskii and Donelan (1984) proposed a scaling of the gas transfer velocity at the water surface with the Kolmogorov microscales for eddy size and turbulent velocity, and Fairall et al. (2000) used Monin-Obukhov equilibrium scaling to estimate gas fluxes through the viscous and diffusive sublayers.
In this paper we will show that Eq. (8) can be obtained alternatively by very simple scaling arguments. As mentioned by Melville (1996) , the thickness of the viscous and diffusive sublayers can be related to the Kolmogorov and Batchelor microscales, respectively, allowing for a derivation of Eq. (8) purely on dimensional arguments.
The principal intention of this paper is not to establish a new model for air-water or sediment-water mass and heat transfer, but rather to broaden the discussion of individual experiments and results toward a mechanistic understanding of interfacial fluxes under the incorporation of some new ideas about the scaling of viscous and diffusive sublayers with boundary layer turbulence, as outlined below.
Toward a unified scaling relation for interfacial fluxes
Lorke et al. (2003) presented combined measurements of boundary layer turbulence and diffusive sublayer heights for oxygen in the slowly oscillating bottom boundary layer of a lake. Owing to the periodic forcing, the part of the turbulent boundary layer that followed law-of-the-wall scaling was confined to a thin layer above the sediment (Lorke et al. 2002; Mellor 2002) . The classical scaling relation according to Eqs. (6) or (7) was not applicable because boundary layer turbulence driven by oscillating currents is poorly defined by u * . Similarly, u * is not an appropriate parameter for the scaling of turbulence in studies concerned with airwater gas exchange under convective conditions Schladow et al. 2002) or under the influence of wave-enhanced shear (e.g., Bock et al. 1999) .
As an alternative approach, Lorke et al. (2003) 
Indeed, evaluating the law of the wall at a height z ϭ L K by substituting Eq. (1) into Eq. (10) results in
u * ͑11͒ , which agrees with the empirical relation from Eq. (2) within the errors given by Chriss and Caldwell (1984) . It should be noted that for tracers with Schmidt numbers Sc Յ 1 the Batchelor length scale L B according to Eq. (9) is replaced by the respective formula for the Kolmogorov length scale Eq. (10) (Batchelor 1959) . Taking these two close agreements between observations and estimations from the scaling arguments as evidence for a general scaling relation for interfacial fluxes of the form ␦ D Ӎ L B , the associated transfer velocity k ϭ D/␦ D can be estimated as
The dissipation rate estimate, however, is not trivial, since is strongly increasing toward the interface according to Eq. (1), and the relevant estimate should be taken at the top of the viscous sublayer, that is, at a distance z ϭ L K from the interface (viscous dissipation within the viscous sublayer can be regarded as constant). Layer thicknesses of the viscous and diffusive boundary layers for heat and carbon dioxide in air and water, respectively, using typical dissipation rates were estimated, as shown in Table 1 . The above result is equivalent to the scaling relation given in Eq. (8), which was derived by Lamont and Scott (1970) by assuming a sinusoidal current field with localized regions of up-and downwelling near a free fluid surface. However, according to Lamont and Scott, the Schmidt number exponent in Eq. (8) changes from Ϫ1/2 to Ϫ2/3 if a rigid interface is considered. Experimental observations of gas exchange at the water surface for low friction velocities or in the presence of surface films also suggest Schmidt number exponents smaller than Ϫ1/2 (e.g., Jähne et al. 1987) . The Batchelor length scale concept described above [Eq. (12)] cannot predict a change in the Schmidt number dependence, suggesting that the assumptions of the model are not valid if, for example, turbulence levels are low. The Batchelor length scale [Eq. (9)] was derived for conditions of homogeneous and isotropic turbulence, and Eq. (12) additionally assumes steady-state conditions in the diffusive sublayer. If friction velocities are low (low wind speeds) and temporal averaging intervals are long, the intermittent nature of turbulence becomes increasingly important. Intermittent turbulence is characterized by a motion that is "sometimes turbulent and sometimes non-turbulent" (Seuront et al. 2005) . During the adjustment to a new steady state and especially during the nonturbulent time periods, the interfacial exchange depends more strongly on molecular diffusion, resulting in a decreasing Schmidt number exponent. Turbulence in the vicinity of an interface cannot be regarded as isotropic either since a considerable range of the dissipation wavenumbers is suppressed in the vertical direction (Doron et al. 2001) . The effect of anisotropy becomes increasingly important with increasing turbulent length scales and it can be expected to be more important near a rigid interface than at a free surface. Thus, the increasing thickness of the viscous and diffusive sublayers with decreasing dissipation TABLE 1. Typical layer thicknesses of the viscous sublayer ␦ and the diffusive sublayer ␦ D for heat and carbon dioxide in water and air; ␦ and ␦ D were calculated using Eqs. (9) and (8), respectively, using a dissipation rate of 1 ϫ 10 Ϫ7 W m Ϫ2 in water and 3 ϫ 10 Ϫ3 W m Ϫ2 in the atmosphere. The respective Schmidt numbers Sc (corresponding to a temperature of 20°C) are shown. rates (e.g., due to decreasing wind speeds at the water surface) leads to a growing suppression of turbulent transport in the vertical and to an increasing importance of molecular diffusion. Though only speculative, intermittency and anisotropy of turbulence can lead to the observed increase of the Schmidt number exponent at low levels of turbulence.
Heat in water

Law-of-the-wall conditions
Under conditions where the law of the wall applies, Eq. (12) can easily be compared with other parameterizations and with measurements that usually do not refer to but rather to u * or the wind speed, respectively. Substituting Eq. (1) into Eq. (12) yields
This expression agrees with the general outcome of many experimental observations and conceptual models [Eq. (6); Frost and Upstill-Goddard 1999] . The estimated transfer velocity is about a factor of 2 higher than the one obtained from an empirical parameterization for a rough surface [k ϭ (1/16)Sc Ϫ1/2 u * ; Jähne et al. 1987] . It should be noted that Eq. (13) is valid for the atmosphere (air-side-controlled surface fluxes, e.g., water vapor or heat) as well as for the water column (water-side-controlled surface fluxes and sediment-water fluxes, e.g., CO 2 , O 2 , or CH 4 ). The values of u * and Sc have to be chosen according to the location of the respective boundary layer, that is, for air or water. Equation (5) can be used for fluxes controlled by air-side and water-side transport.
The parameterization in Eq. (13) is compared with experimental observations in Fig. 2 . The datasets were chosen according to their availability from publications and represent air-side-and water-side-controlled surface fluxes as well as sediment-water fluxes measured in the laboratory, in lakes, or in the ocean. Although the scatter between individual experiments and the deviations from the parameterization from Eq. (13) are large, the general trend of the experimental data is reproduced and no general differences between air-sideand water-side-controlled fluxes or surface and sediment-water fluxes can be deduced. There is rather a tendency that field observations are better reproduced by Eq. (13) than laboratory estimates, which may be related to the particular choice of datasets, however.
It should be noted that Eq. (13) wave action and convection. Unfortunately, no direct dissipation measurements are available for published transfer velocities, and almost all measurements rely on an estimation of u * from wind measurements at some level above the water surface or on special scaling relations established for the particular laboratory facility (e.g., Jähne et al. 1987; Ocampo-Torres et al. 1994) . Moreover, almost all studies used a constant surface drag coefficient C D in order to estimate u * from measured wind speeds [the drag coefficient is related to the roughness length z 0 by C D 2 ϭ /ln(1 m/z 0 )]. A review by Wüest and Lorke (2003) , however, revealed that C D has a minimum at a wind speed of ϳ5 m s
Ϫ1
. Below 5 m s Ϫ1 C D increases strongly with decreasing wind speed and above 5 m s Ϫ1 C D increases moderately with increasing wind speed. The dependence of C D on wind speed could not only explain the large scatter within and among the different datasets, but also the frequently observed increase of the transfer velocity at wind speeds exceeding ϳ5 m s Ϫ1 (Deacon 1977; Jähne et al. 1987) and its strong correlation with surface roughness or the mean square slope of short wind waves (Bock et al. 1999; Jähne et al. 1987 ).
Conclusions and outlook
Interfacial fluxes at the air-water and sediment water interfaces can be described jointly by using relatively simple scaling relations. These scaling relations are based on the microscales of turbulence and turbulent mixing and on the assumption of a structured layering with a diffusive boundary layer in the vicinity of the interface limiting transport. The resulting dependence of the estimated transfer velocities on the Schmidt number and the turbulent friction velocity is comparable to common empirical parameterizations and experimental observations. The major difference, however, is that the interfacial fluxes are described in terms of the turbulence dissipation rate instead of wind speed or friction velocity. This approach enables an estimation of transfer velocities in situations where boundary layer turbulence cannot be described by wall-layer scaling, for example, for convective mixing and for oscillating currents. It could be hypothesized that this represents a more direct approach for estimating transfer velocities under natural conditions since it decouples the parameterization of the momentum transfer from the actual mass transfer and thus eliminates uncertainties, for example, associated with the estimation of a representative roughness length or drag coefficient.
Although the simplification in parameterization achieved by describing the surface gas transfer in terms of the wind speed appears to be practical for model applications, it does not result in a deterministic understanding of the processes involved and may result in erroneous model results under convective conditions or for oscillating flow regimes.
The large scatter in experimental observations of transfer velocities might be, at least partially, explained by the usage of a scaling relation based on u * rather than on . Hence, there is a need for a new generation of experiments, combining direct boundary layer turbulence measurements with estimations of mass transfer velocities. New measurement techniques capable of resolving transfer velocities on small spatial scales and short time scales, such as the controlled flux method (Jähne et al. 1989; Schimpf et al. 2002) , are a promising tool for such experiments.
